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We investigate how hypothetical particles – sterile neutrinos – can be produced in the interior
of exploding supernovae via the resonant conversion of ν¯µ and ν¯τ . The novelty of our treatment
lies in the proper account of the resulting lepton number diffusion. We compute the yield of sterile
neutrinos and find that even after taking into account back reaction, sterile neutrinos can carry out
a sizeable fraction of the total energy of the explosion comparable to that of active neutrinos. The
production is, however, exponentially sensitive to the temperature in the inner supernovae regions,
making robust predictions of challenging. In order to understand whether this production affects
supernova evolution and can therefore be constrained, detailed simulations including the effects of
sterile neutrinos are needed.
I. INTRODUCTION AND OUTLOOK
Exploding supernovae (SNe) are characterised by high
temperatures T ∼ O(10) MeV and high densities of
baryons. This makes them unique laboratories that can
copiously produce hypothetical feebly interacting parti-
cles [1–3], including axions, dark photons, millicharged
particles, sterile neutrinos (see e.g. [4, 5]).
SN medium is not transparent for neutrinos of all
flavours, and their dispersion relations change, as com-
pared to the vacuum case ω = |k| [6]. In the models
with sterile neutrinos (νs) – massive neutral particles,
that mix with active neutrinos – this may lead to the
enhancement of active-sterile mixing, similarly to the so-
lar MSW effect [7, 8]. Feeble interaction of the resulting
particles allows them to escape from the interiors of SNe.
The question of sterile neutrino production during su-
pernovae explosion, their effects on explosion, and on the
stellar nucleosynthesis has been studied in the past [9–
28]. These studies mostly concentrated on the mixing of
sterile neutrino with electron flavour, owing to the pres-
ence of the significant electron lepton number Le in the
supernova. The production of νs from µ and τ flavours
has been considered in [17, 24, 29].1 These works took
into account production via scattering in the constant-
density core of the supernova, expecting that the effect
should be the strongest there due to the high density of
matter and temperature.
The question of production of νs, mixed with νx has
been re-analysed recently in [30] where it had been no-
ticed that outside the core the resonant MSW-like con-
version of ν¯x into sterile neutrino νs was possible (see
also [31]). It was argued in [30] that such a conversion
can be quite efficient and can lead to a significant flux of
νs for mixing angles as small as sin2
(
2θµ,τ
) ∼ 10−12.
1 In what follows we will use the notation νx to denote collectively
(νµ, ντ ) and ν¯x for (ν¯µ, ν¯τ ) respectively.
In this work we re-analyse sterile neutrino production
in the course of supernovae explosion, taking into ac-
count back-reaction of sterile neutrino emission on the
local density of anti-neutrinos. We demonstrate that
– the local density of anti-neutrinos ν¯x in the resonance
zone is quickly reduced (the chemical potential µx & T
is generated), thus slowing the sterile neutrino produc-
tion.
– The diffusion processes are not efficient enough to re-
store the population of ν¯x in the resonance zone.
– The exact amount of energy carried by sterile neutrinos
is exponentially sensitive to the temperature in the in-
ner SN regions. This makes robust predictions of sterile
neutrino flux highly challenging, as these temperatures
are not sufficiently constrained.
As a result the process of sterile neutrino production
eventually switches off. Nevertheless we find that sterile
neutrinos can carry out a significant fraction of the total
energy of the explosion, comparable with the energy flux
of a flavour of active neutrinos. This constitutes the main
result of our paper.
The structure of the paper and the main points of each
Section are as follows:
• Section II lists the formulas that are sufficient to re-
produce our results and explains basic ingredients that
enter the computations. Details and comments, accom-
panying these formulas are provided in Appendices
• Section III presents our results: we estimate the
amount of energy carried away by νs, calculate their
spectra and evolution of the chemical potential of µ
and τ flavours in space and time. Our main results
are summarised in Figs. 1.
• In Section IV we conclude that although sterile neu-
trino production can be quite efficient, it is difficult to
obtain robust constraints on sterile neutrino parame-
ters based on the scarce data we have and that one
needs holistic simulations of SN explosions, including
sterile neutrinos in order to see whether too much en-
ergy gets carried away through this channel.
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2• Appendices A–D provide background information and
additional cross-checks; details of derivation of the ki-
netic equation; treatment of the diffusion, etc.
Note added. When this manuscript was finished, the
paper [31] appeared that also investigates production of
νs mixed with ντ in the SN interior. Ref. [31] analyses
the evolution of the lepton asymmetry Yτ due to the res-
onance conversion and the collisional production as well
as the feedback on the effective potential. The work [31]
treats neutrino propagation microscopically, tracking in-
dividual particles, while we are using a macroscopic ap-
proach describing the overall effects of back-reaction via
evolution of a thermodynamic quantity – chemical po-
tential. Our results are qualitatively similar, the differ-
ences can be attributed to different temperature models
to which the overall production is highly sensitive.
II. SKETCH OF THE COMPUTATIONS
In order to keep the presentation simple and spare
readers from technical details, we start by summarising
the main steps of our calculations and basic formulas
that would allow one to reproduce our results. Details
of the derivation and calculation are provided in the Ap-
pendix B below.
In order to compute the production of sterile neutrinos
we need to solve a system of coupled equations
1. First equation (Eq. (1) below) describes the tempo-
ral evolution of the distribution function of sterile
neutrinos, based on which one can compute, e.g.,
sterile neutrino energy flux.
2. Second equation (Eq. (8) below) governs the evo-
lution of the chemical potential µx(r, t), that de-
scribes the back-reaction of the sterile neutrino pro-
duction on the population of active anti-neutrinos.
The number of νs with energy E, resonantly produced
by the time t and travelling into the solid angle dΩ is
given by (we assume that E ≈ |~p|, i.e. sterile neutrinos
are ultra-relativistic):
d2Ns(t, E)
dE dΩ =
∫ t
0
4piR2res(E)E2f¯outx
(
t′, Rres(E), E
)
Px→s(E)e−Rfwhm/λmfpdt′ . (1)
Expression (1) requires several comments. Rres(E) is the
radius, at which resonance condition is satisfied for anti-
neutrinos with the energy E. Relation r = Rres(E) can
be inverted to form E = Eres(r) and determines the value
of the energy of νs produced at radius r:
Eres(r) =
m2s
Veff(r)
. (2)
Veff(r) is the effective potential of anti-neutrinos [6]. For
the ν¯µ:
Veff(r) = −GF√2Nb
(
Yn − 2Yνe − 2Yντ − 4Yνµ − 2Yµ
)
(3)
Here Yi ≡ Ni−Nı¯Nb is the asymmetry in ith particle (i ={n, p, e, µ, τ, νe, νµ, ντ}) , Nb is the baryons number den-
sity. All these quantities are functions of position, see
App. A. The effective potential for ν¯τ is obtained by the
replacement µ ↔ τ and νµ ↔ ντ in (3). The baryon
density Nb and asymmetries reach their maximal values
in the SN core. Therefore, the energy (1) has a minimal
value and the spectrum of emitted sterile neutrinos is cut
at low energies.
Initially, Yνµ = Yντ = 0, Yn = 0.7, and Yνe ∼ 0.1.
Therefore the effective potential (3) is negative, meaning
that indeed the resonance occurs for anti-neutrinos.
Probability of transition Px→s is defined as:
Px→s = 1− exp
[
−pi
2
2
Rfwhm
Losc
]
(4)
where Rfwhm is the width of the resonance region,
Rfwhm =
2 sin 2θ0∣∣∣∂ logV reseff∂r ∣∣∣ , (5)
(derivative of Veff is evaluated at r = Rres) and Losc is
the oscillation length at the resonance
Losc =
2pi
|V reseff | sin 2θ0
. (6)
The angle θ0 is the vacuum active-sterile neutrino mixing
and all equations are derived for θ0  1.
The distribution function f¯outx describes outgoing anti-
neutrinos at the radius r = Rres(E). This function has
the equilibrium form
f¯x(t, r, E) =
1
(2pi)3
1
exp
[
E+µx(r,t)
T (r)
]
+ 1
(7)
The evolution of the anti-neutrino population is fully en-
coded in the chemical potential µx(r, t), we do not take
3into account temperature evolution during the first sec-
ond of explosion.
Factor e−Rfwhm/λmfp where λmfp is the mean free path
of ν¯x in the resonance region accounts for the neutrino
damping [32], see Section III 4 below.
For the distribution (7) the relation between the chem-
ical potential and the asymmetry Yx is defined as:
Yx =
1
Nb
(
µxT
2
6 +
µ3x
6pi2
)
(8)
and the evolution of Yx is given by
∂Yx(r, t)
∂t
= pi6G
2
F r
2Nb(r)
∂
∂r
(
r2
Nb(r)
∂µx(r, t)
∂r
)
+ pi
Nb(r)
E2res(r, t)f¯x(Eres(r), r, t)Px→s(Eres(r), r, t)
dEres
dr
(r, t) , (9)
Core radius Rcore = 10 km
Max. Temperature Tmax = 30 MeV
Min. Temperature Tmin = 3 MeV
Baryon core density ρ0 = 3× 1014 gcm3
Baryon core number density N0 = 1038 cm−3
Proton fraction Yp = 0.3
TABLE I. Parameters of the fiducial model of the supernova
adopted in this work. Temperature is chosen to decrease lin-
early from Tmax at r = 0 to Tmin at r = 50 km and is also
constant during the first second. See Appendix A for other
details.
where the first term describes the diffusion of the lepton
number and the second term – the change of lepton asym-
metry due to the conversion of anti-neutrinos into νs.
Taking into account an implicit dependence of Eres on
µx, we can solve (9) for µx(r, t), plug it into Eq. (1),
and find the distribution function of sterile neutrinos
Ns(E, t).
III. RESULTS
1. Energy output in sterile neutrinos
The machinery sketched in Section II allows us to cal-
culate the energy spectra and the total energy emitted
in the form of sterile neutrinos νs during the first sec-
ond of the core bounce.2 Our results are summarised in
Fig. 1 (energy carried out as a function of sterile neutrino
parameters). In order to reduce uncertainties associated
with our modelling of SN, we express the energy output
of sterile neutrinos as a multiple of E(1sec)ν¯τ – energy, emit-
ted in the same model in the form of anti-neutrinos ν¯τ
during the same first second (which is a factor of ∼ 2 less
2 After ∼ 1 sec the temperature of the SN cannot be considered
as constant anymore, it decreases and the production of sterile
neutrinos is essentially switched off.
than the overall energy, carried out by ν¯τ during the SN
explosion). Results for Es = 3E(1sec)ν¯τ , Es = 2E
(1sec)
ν¯τ and
Es = E(1sec)ν¯τ are shown in Fig. 1, left to right. Maxi-
mal energy that can be carried by sterile neutrinos in the
fiducial model is ≈ 5E(1sec)ν¯τ .3
The amount of energy emitted by sterile neutrinos de-
pends strongly on the assumed temperature. In Fig. 1
we also demonstrate how our results change under “rea-
sonable” modifications of the SN temperature model:
change of the maximal temperature (hatched regions) up
to 5 MeV. This indicates a level of systematic uncertainty
of our estimates, although by no means fully describes it.
The minimal temperature at r = Rνsph is kept the same
(Tmin = 3 MeV), in order not to affect emission of active
neutrinos.
The strong dependence of the sterile neutrino output
on the parameters of the SN model can be understood as
follows. For masses ms & 10 keV the resonance energy is
higher than the temperature of active neutrinos at Rres,
see Fig. A.1. As a result, the number of ν¯x participating
in resonance conversion is exponentially sensitive to the
temperature of the resonance region.
We stress that Figs. 1 do not correspond to any con-
straints on sterile neutrino parameters – given our cur-
rent knowledge about the SN explosion, it is impossible to
predict exactly how much energy has been carried away by
sterile neutrinos and what energy loss would be incompat-
ible with scarce observations of SN1987A (see Section IV
for discussion).
2. The importance of diffusion
The solution of Eq. (9) allows to find the evolution of
the chemical potential µx that governs the distribution
3 Such a powerful production is not treated self-consistently – the
assumption of constant temperature would not hold anymore in
this case. The more detailed investigation, however, is beyond
the scope of this paper.
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FIG. 1. Main results: Energy Es carried out by sterile neutrinos, produced via resonant conversion from ν¯τ during the first
second after the SN core bounce. Different panels show the values of the emitted sterile neutrino energy in multiples of E(1sec)ν¯τ
– energy carried away by ν¯τ during the same 1 sec (which is less than the total energy emitted in neutrinos of this type during
the whole explosion). The plots demonstrate the uncertainty related to the SN temperature model. Colour solid lines show the
results for our fiducial model (Table I). If the SN maximal temperature is lowered from Tmax = 30 MeV to Tmax = 25 MeV
the curve sweeps the hatched region. Although our analysis did not assume that sterile neutrinos are dark matter particles,
we overimpose light grey region to indicate where the correct dark matter abundance of sterile neutrinos can be generated in
the Neutrino Minimal Standard Model (νMSM see Section III 5). Black dot with error bars corresponds to the 3.5 keV signal
of [33, 34] interpreted in terms of decays of sterile neutrino dark matter.
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FIG. 2. Uncertainties related to the SN temperature models.
Energy, emitted in the form of sterile neutrinos during the
first second in multiples of E(1sec)ν¯τ as a function of the mixing
angle for the massms = 20 keV. The curves show the effects of
changing the maximal temperature Tmax by ±5 MeV as well
as and different scaling of the temperature profile between
Tmax and Tmin (quadratic rather than linear).
of active anti-neutrinos. It is shown in Fig. 3. One sees
that µx/T can reach significant values (µx & T ).
To demonstrate the importance of back-reaction effects
we also studied two extreme scenarios: (i) the absence of
diffusion and (ii) the absence of back-reaction (infinite
reservoir of neutrinos ν¯x at every energy and radius).
In the former case the production ν¯x → νs stops very
quickly, as the resonant conversion “consumes” all active
anti-neutrinos at a given radius and there are no mecha-
nisms to replenish their population, as the large number
of νx prevents creation of νxν¯x pairs via Pauli blocking.
(see also Appendix D for more details). Therefore the
sizeable production of sterile neutrinos is possible in this
case only for sufficiently large values of the mixing angle.
In the case (ii), the population of anti-neutrinos ν¯x gets
immediately restored and therefore the conversion rate
remains the same through the whole time tpb ∼ 1 sec,
being extremely efficient. The production in the case (ii)
stops only because neutrino sufficiently cool down with
the SN. It is this approximation that was used in [30]
which explains higher total energy emitted in sterile neu-
trinos in their case. The realistic back-reaction is in-
between these two limiting cases, as Fig. 4 demonstrates.
The spectra of the resulting sterile neutrinos with dif-
ferent diffusion treatment are shown in Fig. 5.
3. Difference between muon and tau mixings
Although the presented mechanism works for both µ-
and τ -mixing, the treatment of these two flavours differs,
due to the fact that the temperature of the SN interior
is high enough for muon pairs to be present (but not
for tau leptons). As discussed in Appendix A generation
of non-zero chemical potential of νµ affects the popula-
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FIG. 3. Time evolution of the radial profiles of the chemi-
cal potential µτ and of the asymmetry parameter Yτ in the
fiducial model. Parameters of sterile neutrino are: mass
ms = 7.1 keV, the mixing angle sin2 2θτ = 5×10−11. The pro-
duction of asymmetry starts at radii r = 20−30 km, and then
diffuses to the inner regions of the SN (recall that we consider
the constant density NS core with Rcore = 10 km). At the
same time, equilibrium between diffusion and production is
achieved in the outer layers within a fraction of a second and
is maintained afterwards. The asymmetry parameter Yx al-
ways remains below values ∼ O(0.1) where Veff would change
significantly.
tion of µ±, which (through electro-neutrality condition)
affects the number of electrons, electron neutrinos, etc.
We estimate the difference, using an approximate treat-
ment (presented in Appendix A) and show the results
in Fig. 6. One can see that within the precision of our
treatment there is no difference in the resulting amount of
energy, carried by either flavour. We do not discuss here
the influence of charged muons on the SN explosion [35].
4. Damping
The neutrino damping [32] describes the probability
that a neutrino would interact with the medium while
propagating in the resonance region. This interaction
will cause the wave function to collapse to a pure flavour
state, and its resonance conversion will become impos-
sible. One can ignore the damping whenever Rfwhm 
λmfp. In the opposite limit the collisional production be-
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FIG. 4. Effects of the feedback. We show how one of the
contours in Fig. 1 (Es = E(1sec)ν¯τ ) changes for three differ-
ent feedback mechanisms: the depleted lepton number is not
repopulated by any means (“no diffusion” dashed line); the
restoration of the lepton number proceeds much faster than
sterile neutrino production (“no asymmetry” dashed-dotted
line); and the case of the realistic diffusion, as studied in this
work. The mixing is with ντ only and the duration of emis-
sion is taken to be 1 sec for all three cases. The SN fiducial
model is given in Table I, uncertainties due to SN modelling
are not shown.
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FIG. 5. Spectra of sterile neutrinos with mass m = 7.1 keV
and the mixing angle sin2 2θx = 5 × 10−11 produced during
the first second of explosion for three cases of back reaction
in the fiducial SN model (cf. Fig. 4). Sterile neutrinos are
mixed with τ -flavour. The spectrum of active neutrinos emit-
ted during the same time (red solid line) is also shown for
comparison. Active neutrinos are emitted from the radius
Rνsph > Rres and are therefore colder.
comes important, as the scattering has finite probability
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FIG. 6. Comparison between two cases: mixing with ν¯τ and
mixing with ν¯µ. Unlike τ -flavour asymmetry, muon lepton
number may lead to a population of µ± in the SN inte-
rior. This affects electrons and electron neutrinos via elec-
tric neutrality and beta-equilibrium conditions and therefore
changes the effectiveness of production. Only the results for
the fiducial model are shown, it is clear that the differences are
much below the uncertainties due to SN temperature mod-
elling. Solid lines: mixing with ντ , dashed lines: mixing
with νµ. Blue lines: contours where sterile neutrino energy
release Es = E(1sec)ν¯x ,green lines: Es = 2E
(1sec)
ν¯x
, red lines:
Es = 3E(1sec)ν¯x (same colours as in Fig. 1).
to leave behind not only pure active but also pure sterile
state. The collisional production have been considered
before in many works (see e.g. [17, 24, 30, 31]) and it
is beyond the scope of the current work to study how it
combines with the resonant production.
The effects of neutrino damping are shown in Fig. 7.
Its shape can be understood as follows: the width of
the resonance Rfwhm is independent on the energy and
proportional to the sin(2θ0) (Eq. (5)) while the mean
free path of active neutrinos scales with energy as E−2
(see Section C 2). As a result for a given mass ms and
position Rres (equivalently fixed resonance energy) the
ratio Rfwhm/λmfp grows with θ0. If one keeps the mixing
angle (and Rfwhm) fixed, but rather increases the mass –
the resonance energy is increasing (Eq. (2)). Therefore
the mean free path of ν¯x decreases and neutrino damping
becomes important.
5. Sterile neutrino as dark matter
So far we did not make any reference to sterile neutri-
nos being dark matter particles. The lifetime of sterile
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FIG. 7. Effects of neutrino damping on resonance produc-
tion. The contours Es = E(1sec)ν¯τ are shown with and without
damping effects included. If damping is not taken into ac-
count (dashed-dotted line) – the contour extends to higher
masses and mixing angles. Dashed line represents neutrino
damping treatment of [30] where condition Rfwhm ≤ λmfp
was imposed in Eq. (1) instead of the exponential function.
In the region where the damping is noticeable the collisional
production (not considered here) becomes important.
neutrinos lighter than two electron is given by (assuming
for simplicity that θx is the only non-negligible mixing)
τs ≈ 2× 1024 sec
(
10−11
sin2(2θx)
)(
20 keV
ms
)5
(10)
– much longer than the lifetime of the Universe when
θ2 ∼ 10−11. And indeed such particles represent a viable
dark matter candidate (as suggested in [15, 17, 36–38],
see [39] for a review).
We compute the energy output for a sterile neutrino
with mass ms = 7.1 keV and mixing angle sin2 2θx =
(2 − 20) × 10−11. Decay of such a sterile neutrino dark
matter would produce an X-ray line, consistent with
the observations of [33, 34] and many subsequent works,
see [39] for details. In this case the energy output would
be Es & 3×E(1sec)ν¯x , depending on the SN model assumed.
The grey shaded region in Fig. 1 shows the param-
eter space of the Neutrino Minimal Standard Model
(νMSM) [40, 41], see [42] for review where sterile neu-
trinos would have correct dark matter abundance (parts
of this parameter space are excluded by X-ray and struc-
ture formation constraints, see [39] for review. The up-
per boundary corresponds to the parameters of the non-
resonant dark matter production [17, 36, 38], while in the
rest of the region the correct dark matter abundance can
7be obtained in the presence of primordial lepton asymme-
try [17, 37, 43]. The maximal value of lepton asymmetry
required to produce the correct dark matter abundance
depends on the ratio of the mixing angles and differs, for
example, in the model where θe = θµ = θτ as opposed to
that with only θτ 6= 0 [43, 44]. We conservatively chose to
plot the lower bound corresponding to the maximal value
of the lepton asymmetry attainable in the νMSM [43, 42].
IV. DISCUSSION
In this paper we analysed the process of sterile neu-
trino creation during the explosion of a core-collapse su-
pernova. Sterile neutrinos are produced via mixing with
active anti-neutrinos of µ and/or τ flavours (collectively,
ν¯x). The hot and dense supernova environment is non-
transparent for neutrinos and their dispersion changes as
compared to the propagation in vacuum. Therefore, the
mixing with sterile neutrinos can become resonant (the
MSW-like effect), leading to the effective conversion of
anti-neutrinos ν¯x into sterile neutrinos with mass in the
range 5 keV . ms . 40 keV and mixing angles sin2(2θx)
reaching 10−8 and below. The question of sterile neutrino
production during supernovae explosion, their effects on
explosion, and on the stellar nucleosynthesis has been
studied in the past for sterile neutrinos ranging in masses
from eV to GeV [9–30, 45–47]. With few exceptions (e.g.
[17, 24, 29, 30]) these studies concentrated on the mixings
of sterile neutrino with electron flavour. Recent work [30]
argued that the fast production of sterile neutrinos is pos-
sible due to the MSW-like resonance outside the SN core
region when mixing with ν¯x. However, the authors of [30]
did not account for the depletion of the population of ν¯x
in the resonance region and kept the distribution of ac-
tive anti-neutrinos at its equilibrium level, thus providing
a “stock” of anti-neutrinos to be converted. In reality,
the depletion of the active anti-neutrinos slows down the
conversion process; the νx− ν¯x pair creation re-populates
the abandoned states, and above-equilibrium excess of νx
gets diffused away.
In this work we properly took into account the diffu-
sion of the lepton number and the back-reaction of sterile
neutrinos on the neutrino distribution. Our results show
that sterile neutrinos can carry away the amount of en-
ergy, comparable to that of active neutrino flavours (see
Fig. 1). We can also recast our restrictions in terms of
energy released during the explosion, Fig. 8. While the
energy output can reach 1053 ergs – a ballpark figure as-
sociated with a SN explosion – this does not lead to the
bounds that are both strong and robust.
Indeed, two main types of bounds from supernovae ex-
ist: energy loss and energy-loss rate bounds, see e.g. [1–
3, 48]. The emission of any exotic component can be
capped from above by Etot – the total energy available
in explosion. The latter is the difference between the
binding energies of a progenitor and a remnant. The
estimates of the total released energy Etot depend on
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FIG. 8. Energy emitted by sterile neutrinos mixed solely with
ντ . Assumptions are the same as in Fig. 1, but the results are
expressed in ergs, rather than in fractions of E(1sec)ν¯τ . This line
corresponds to the parameters of the fiducial SN model, given
in Table I. Shaded region indicates the level of uncertainty
by showing how these contours change when the maximal
temperature Tmax is lowered from 30 MeV to 25 MeV. For
comparison, the total energyf emitted in all active neutrino
species during the 1st second in our model is ∼ 1.5× 1053 erg
(and the total neutrino output over the whole duration of the
collapse is about twice as much).
whether the remnant is a black hole or a neutron star.
It is generally believed that the remnant of SN1987A
is a neutron star, although the remnant has not been
found [49] after more than 30 years of searches. The NS
remnant can still be hidden behind SN debris [49, 50]. If
the remnant is the neutron star, its binding energy can
be estimated as
ENS ≈ 6.3× 1053 erg
( C
0.6
)(
MNS
2M
)2(10 km
RNS
)
(11)
with the coefficient C ≈ 0.6 [51–53]. The estimates
put the mass for the SN1987A remnant in the range
MNS ' 1.7 − 1.9M, see [49] for review. Alternative
scenarios for a black hole formation in the SN1987A ex-
plosion exist [54–57]. In any case, the energy emitted in
sterile neutrinos (Fig. 8) is much smaller than ENS.
The energy loss rate argument applies to the particles,
produced in the NS core [1–3]: extra ≤ 1019 erg/sec/g
and is based on simulations, including emissions of new
particles (axions in that case) [58–60]. Such a bound
can be applied to sterile neutrinos, produce via scatter-
ings [14, 17, 18, 23, 24]). However, in our case, when new
particles are produced only outside the core such bound
can not be applied directly.
8In addition to the previous points, the output of sterile
neutrinos is very sensitive to the temperature (and tem-
perature profile) in the inner regions of the SN (Figs. 1
and 2). No observables are sensitive to the temperatures
in these regions as the emission of active neutrinos hap-
pens from the outer regions – the neutrino-sphere with
Rνsph > Rres. Therefore, even detailed measurements
of the neutrino fluxes would not tell us about the con-
ditions under which sterile neutrinos were produced. A
knowledge of the temperature profile (that would allow
to recover T (Rres) given the “measurement” of T (Rνsph)
can only be inferred from the simulations (similar to
e.g. [26, 28] that however deal with heavier sterile neu-
trinos and/or different production mechanisms and influ-
ence on the SN dynamics). Such bounds will necessarily
be model-dependent. We live the self-consistent treat-
ment of these cases to the future work.
Finally, we note that the same challenges are faced by
energy loss bounds applied to other hypothetical very
weakly interacting particles: axions, dark photons, mil-
licharged particles, etc.
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Appendix A: The supernova model
For our analytic description we used a SN model, that captures the effects of interest while is sufficiently simple to
allow for analytic treatment. Namely, at times tpb < 1 sec after the core bounce we use static and uniform profiles for
baryon, electron and electron neutrino densities inside the core. The baryon density is approximated as a constant
inside the supernova core (r < Rcore) and decays exponentially at larger radii,
ρB = ρ0 exp
[
−r −Rcore
Rcore
]
, r > Rcore (A.1)
Temperature is chosen to decrease linearly from Tmax at r = 0 to Tmin at r = 50 km and is also constant during the
first second. Proton number fraction remains constant and it is just a simplification for our model (note that is not
necessarily means that we define number of electrons as there may be change of population of other charge massive
leptons). Along with baryon density, the conditions of charge neutrality and beta equilibrium define relations between
densities of particles and their chemical potentials respectively:
Yp = Ye + Yµ
µe − µνe = µn − µp = µˆ
µµ − µνµ = µn − µp = µˆ
(A.2)
Once the fraction of protons and neutrons is fixed, it defines µˆ, that shows the difference between the chemical
potential of charged leptons and corresponding neutrino flavours. Any extra source of neutrino asymmetry will not
affect baryons, leaving µˆ untouched, but will cause change in population of charged leptons (which can be neglected
for tau-flavour due to τ mass).4 With sterile neutrinos, we will need equation of x-flavour neutrinos evolution, and it
will totally define population of particles in media in our model.
Numerical values of the relevant parameters are specified in Table I.
At times tpb > 1 sec, temperature decreases to values below 5 MeV, which results in a low rate of νs creation after
the first second. That is why we do not take into account times t > 1 sec.
1. Active neutrino energy output
While neutrinos are near the supernova core, they are trapped (i.e. the mean free path is small) and diffusion
causes them to propagate to outer layers of the star. Starting from a particular radius, transport neutrino-sphere
radius Rνsph the outgoing neutrinos freely escape from the supernova (λmfp →∞).
Rνsph(E) = Rcore
(
1 + log
(
Rcoreσ(E)N0
))
(A.3)
4 This effect, is small, see Figs. 6.
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FIG. A.1. Temperature and resonance energy dependence on radius for sterile neutrino with mass ms = 15 keV. Resonance
energy is almost everywhere higher than temperature, which means, population of neutrinos with given energy will be expo-
nentially sensitive to choice of temperature. That explains high sensitivity of our main result to SN parameters choice.
Neutrinos that are emitted at r > Rνsph freely leave the star. Energy flux of νx (or of ν¯x) per flavour is determined
by
dQ
dtdEdΩ = 4piR
2
νsph(E)E3foutx (A.4)
Integrating (A.4) over time and momentum gives energy, carried by one anti-neutrino species ν¯x during the first
second: Eν¯x ≈ 2.2 × 1052 erg. This value is close to the numerical result [53] (2.5 − 2.8) × 1052 erg per neutrino
species, which shows that our adopted SN model is realistic.
Appendix B: Resonant sterile neutrinos production
For completeness we reproduce the formalism of the resonant conversion for neutrinos propagating in the media
with changing density. Each of the flavour states νx, ν¯x as well as νs obeys the Dirac equation and as a consequence
the Klein-Gordon equation. When particles are ultra-relativistic in the medium of variable density this equation can
be brought into the form (see e.g. the book [2, Chap. 8]):
i
d
dr
(
ν¯x
νs
)
= Heff(r)
(
ν¯x
νs
)
(B.1)
where the “effective Hamiltonian” is
Heff(r) = m
2
s
4E
(
− cos 2θ0 sin 2θ0
sin 2θ0 cos 2θ0
)
+
(
Veff(r) 0
0 0
)
. (B.2)
Here Veff is the effective potential of ν¯xgiven by (see Eq. (3) for details/notations):
Veff(r) = −GF√2Nb
(
Yn − 2Yνe − 2Yντ − 4Yνµ − 2Yµ
)
= 11.4 eV
(
Nb
N0
)(
Yn − 2Yνe − 2Yντ − 4Yνµ − 2Yµ
)
, (B.3)
ms is the mass of sterile neutrino, E is its energy (ms  E) and we have neglected masses of the active neutrinos;
θ0 is the vacuum active-sterile mixing angle. The sign of Veff is such that only the mixing ν¯x − νs is relevant and
therefore we have omitted νx state in Eq. (B.1).
For future convenience we will introduce the notation
∆s =
m2s
2E (B.4)
When Veff = 0 the eigenvalues of the Hamiltonian (B.2) are ± 12∆s and the vacuum active-sterile oscillation length is
given by pi/∆s.
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Notice that [Heff(r),Heff(r′)] 6= 0 for θ0 6= 0 and therefore exact solution of Eq. (B.1) is complicated. For the
propagation inside the star where |∇ log Veff |  ∆s one can, however, solve this equation in the adiabatic limit. To
this end one diagonalizes (B.2) at every point by the matrix U(r), given by
U(r) =
(
cos θ(r) sin θ(r)
− sin θ(r) cos θ(r)
)
(B.5)
where the matter mixing angle θ(r) is defined (assuming θ0  1)
tan 2θ(r) ' 2θ0 ∆s∆s + Veff(r) +O(θ
2
0) (B.6)
From Eq. (B.6) one sees that deep inside the SN, where ∆s < |Veff(rin)| and Veff < 0, one has tan 2θin → −0⇔ θin → pi2 ,
because θ is confined to 0 ≤ θ ≤ pi2 . On the other hand, when the condition
∆s + Veff(r) = 0 (B.7)
is satisfied, one has a resonance and θres → pi4 . Due to the sign of effective potential, resonance condition (B.7) can
be satisfied only for anti-neutrinos. Eq. (B.7) establishes a relation between the anti-neutrino energy and the radius
of the resonance, Rres:
Veff(Rres) = −m
2
s
2E (B.8)
which leads to Eq. (2).
Diagonalisation of the Hamiltonian (B.2) gives two eigenvalues Ea,b(r) such that
Ea,b(r) =
Veff
2 ±
√
(∆s + Veff)2 + 4∆2sθ20 (B.9)
and two eigenfunctions (mass eigenstates) νa,b. In the medium with variable density the states νa,b propagate according
to the equation, similar to Eq. (B.1):
i
d
dr
(
νa
νb
)
=
(
Ea(r) iθ′(r)
−iθ′(r) Eb(r)
)(
νa
νb
)
(B.10)
The off-diagonal elements in the r.h.s. are equal to −iU†∂rU and are responsible for transition between different mass
eigenstates that would be absent for θ′ = 0. Let us introduce a parameter of non-adiabaticity, γ
γ ≡ θ
′(r)
Ea(r)− Eb(r) (B.11)
Its value determines whether a transition between different levels is possible. When γ → 0, the evolution is fully
adiabatic and transitions between mass eigenstates are negligible (this is the case, for example, in the Sun). It turns
out that for small θ0 γ can be different from zero only in a narrow region around the resonance for a wide range
of densities (effective potential) profiles (see Fig. B.1). This is the region where the mixing angle changes its value
significantly. Defining this region as where θ(r) changes from sin2 2θ = 1 to sin2 2θ = 12 (i.e.
pi
8 ≤ θ(r) ≤ 3pi8 ) we get
its width Rfwhm = 2 sin(2θ0)/
(
log Veff(Rres)
)′, Eq. (5). The non-adiabaticity parameter is maximal at the resonance
and can be expressed through the width of the resonance
γ = 1
pi
Losc
Rfwhm
(B.12)
where Losc is the oscillation length at resonance (6). The probability of transition between mass states νa and νb after
crossing the resonance is given by [61]
Px→s =
1
2 −
(
1
2 − Pna
)
cos 2θin cos 2θout (B.13)
where θin ' pi2 – mixing angle, at the point of neutrino state creation and θout = θ(rout) ' θ0 – the vacuum mixing
angle. Pna is a probability of transition between mass eigenstates due to non-adiabatic change of Veff . In the case,
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FIG. B.1. Evolution with radius of the adiabaticity parameter γ = θ′
Ea−Eb (Eq. (B.11)). It can reach large values in a very
narrow region around the resonance (Rres ' 25.078 km in this case) and is extremely small outside it. The energy of the
neutrino equals E = 40 MeV, sterile neutrino mass ms = 10 keV. For smaller angle, the value of this parameter can be larger
than 1. It shows that conversion goes non-adiabatically while for larger angle it acquire value 1 everywhere, so the conversion
is totally adiabatic
.
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FIG. B.2. Energy levels Ea(black), Eb(red) of the system, depending on the radius. Mixing angle is chosen as sin2 2θ = 10−3,
mass ms = 10 keV, momentum p = 30 MeV. The y-axis shows ma,b/2E. The closest distance between energy levels is at the
resonance where the transition between the levels is the most likely.
when Rfwhm is much smaller than the characteristic scale, over which Veff is changing, the effective potential can be
approximated as a linear function of (r−Rres) around the resonance. In this case the Landau-Zener formula appears
Pna = exp
[
− pi2γ
]
. (B.14)
For small vacuum mixing angles one has θin ≈ pi2 and θout ≈ θ0  1, Eq. (B.13) can be rewritten as
Px→s = 1− exp
[
− pi2γ
]
. (B.15)
Figure B.2 illustrates the above considerations. Energy levels Ea(r) and Eb(r) do not cross. The value Ea − Eb
reaches its minimum as r → Rres. In the case of fully adiabatic propagation (i.e. change of the radius) one remains on
the same energy level Ea(r) or Eb(r). As a result, a state |νx〉 that is mostly |νa〉 deep inside the star would remain
mostly |νa〉 everywhere and would exit the star as mostly sterile state |νs〉. The probability of such a process for
θ0  1 is given by P adiabx→s ∼ cos2 θ0 → 1 – the result familiar from the MSW effect in the Sun. This can be seen from
Eq. (B.15) when the parameter of non-adiabaticity γ → 0.
The non-diagonal elements in the Hamiltonian make propagation non-adiabatic. Therefore, although levels do not
cross, when they are approaching close to each other, a transition between them can occur. As a result, the probability
for an active neutrino to pass a resonance region without conversion remains finite. One can consider the limit γ  1,
where the probability behaves as Px→s ≈ pi2γ = pi
2
2
Rfwhm
Losc
 1.
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1. Mixing with the electron flavour
The described mechanism can of course be used for νe−νs mixing as considered in a number of papers [9, 12, 45, 46].
The effective potential for νe/ν¯e is, however, different from (3):
V νe,ν¯eeff (r) = ∓
GF√
2
Nb
(
−2Ye + Yn − 4Yνe − 2Yντ − 2Yνµ
)
. (B.16)
(the upper sign is for νe, the lower – for ν¯e). Using the relations (A.2) one can see that the effective potential (B.16)
changes its sign as one moves away from the core. As a result, the production is possible for both electron neutrinos
and antineutrinos. While the resonant conversion for ν¯e proceeds similarly to ν¯x, for electron neutrinos the resonance
condition is satisfied at two different radii. So νs converted at an inner radius can be re-converted to active neutrinos
at an outer radius, reducing the effectiveness of the production (see e.g. [45, Fig. 3]). The kinetic equation (1) does not
take this into account. Another important effect is that the value of Yνe is tightly connected with the electron-positron
asymmetry Ye via beta-equilibrium condition. Therefore, efficient resonant conversion may shift beta-equilibrium and
in this was significantly affect the nucleosynthesis in supernovae (see [62]). A proper self-consistent treatment of these
processes are beyond the scope of this paper, therefore, we limit ourselves only to the mixing with µ and τ flavours.
Appendix C: Back-reaction of sterile neutrinos
1. Evolution of x-flavour population
The active-sterile conversion depletes the number of anti-neutrinos of a given energy at a given radius (the two are
related via Eq. (2)). Therefore, the conversion could have led to the deviation of the ν¯x distribution function from its
initial equilibrium form. However, other processes such as nucleon-neutrino scatterings
ν¯x +N → ν¯x +N (C.1)
lead to the change of the shape of the anti-neutrino distribution function without changing the total number of
anti-neutrinos at the radius r. The nucleon-nucleon bremsstrahlung production of neutrino pairs,
N +N → N +N + ν¯x + νx, (C.2)
partially re-populates the number of ν¯x (without changing the total lepton number). The process (C.2) is stopped by
the neutrino Pauli blocking. The reaction rates of the processes (C.1)–(C.2) are faster than sterile neutrino conversion
rate [63]. Therefore we can always describe the population of ν¯x by the equilibrium distribution function,
f¯x(E, r, t) =
1
(2pi)3
1
exp
[
E+µx(r,t)
T (r)
]
+ 1
(C.3)
(with µx → −µx for neutrino distribution function). The evolution of the neutrino population is fully encoded into
the evolution of the chemical potential µx.5
The evolution of the chemical potential affects the effective potential Veff and, therefore, the resonance energy (2)
via the change of the lepton number Yx. It can be seen from (2) that with the growth of Yx the resonance energy
increases, so that the number density of active anti-neutrinos with energy E ≥ Eres diminishes and as a result the
production stops.6
The non-zero chemical potential µx ∼ T means that neutrino average energy increases. For the muon flavour large
values of µx(r, t), increase the number of neutrinos that can participate in the production of muons in reactions, like
νµ + n→ p+ µ− (C.4)
νµ + e− → µ− + νe (C.5)
νµ + ν¯e → µ− + e+ (C.6)
5 Recall that we only analyse the duration of time tpb ∼ 1 sec and
therefore neglect temporal change of the temperature profile.
6 Sufficiently large asymmetry could cause the effective potential
to change the sign and therefore cause conversion νx → νs. Such
a process would result in washing out of the asymmetry. We will
see below that this does not happen for the realistic values of the
parameters.
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leading to the non-negligible population of µ−. Similar reactions are possible for anti-neutrinos and anti-muons, but
the number density of ν¯µ is extremely small in this regime, leading to negligible production of µ+. So the muon
lepton asymmetry will be stored not only in neutrinos, but in muons as well. The population of τ± leptons remains
negligible for because of their large mass.
2. Diffusion
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FIG. C.1. The same as for Fig. 3, but without diffusion. In this case asymmetry increases at every point independently. In
the absence of diffusion the maximum asymmetry is sufficiently larger, but Veff still does not changes sign. The peak position is
changing slightly due to the change of resonance condition eq. (2) with the build up of the asymmetry Y . The non-zero values
of µx at radii r < 10 km are numerical artifacts as there can be no resonant production in the constant density core region.
The inhomogeneous chemical potential µx(r, t) triggers the lepton number diffusion processes. Neutrinos (whose
number exceeds greatly that of anti-neutrinos) diffuse away and the reactions like (C.2) then replenish population of
anti-neutrinos
A typical time scale for the diffusion over the distance R is tDiff = R
2
λmfp
, where λmfp is the mean free path of
(anti)neutrinos of x-flavour. The neutrino mean free path depends on the neutrino energy and matter density. A
straightforward computation of neutrino scattering in a medium of non-relativistic nucleons gives λmfp ∼ piG2
F
NbE2
.7
Typical values of neutrino energies in supernovae is E ∼ O(100) MeV and densities can reach Nb ∼ 2 × 1038 cm−3
so diffusion time can be as low as O(10−2 sec) – much below the period of time over which we analyse the sterile
neutrino production. Therefore diffusion cannot be neglected.
To describe the evolution of the lepton asymmetry we use (??) (Appendix D) with diffusion coefficient D(r, E) in
the relaxation time-approximation:
D(r, E) = λmfp(r, E)3 =
pi
3G2FNb(r)E2
(C.7)
The collisional production of sterile neutrinos can also affect the evolution of the chemical potential. Indeed, let
Γcollνx→νs be the rate of collisional production of sterile neutrinos νx → νs, while Γcollν¯x→νs be a similar rate for anti-
neutrino production (of course, νx and ν¯x produce sterile states of opposite helicity). Naively, one could argue that as
there are more νx than ν¯x in the resonance region, the collisions will predominantly convert νx → νs, thus decreasing
the asymmetry. This is, however, not the case as the collision rates are not the same, Γcollνx→νs  Γcollν¯x→νs in the
resonance region, see e.g. [17] where the resonance enhancement/suppression of the collisional production rate is
discussed. Indeed, the collision rates are proportional to sin2
(
2θ
)
. In the resonance region, angle for anti-neutrinos is
θν¯xres ∼ O(1), while for neutrinos θνxres ' 12θ0, as one can see by replacing Veff → −Veff in Eq. (B.6) and making use of
the condition (B.7). As a result
Γcollνx→νs ∼ θ20Γcollν¯x→νs (C.8)
With chemical potential reaching µx/T ∼ 3 (see Fig. 3) nν¯x ∼ 10−2nνx and therefore we conclude that collisions do
not contribute significantly to the wash out of lepton asymmetry for mixing angles that we are considering.
7 Recall that we are interested only in the diffusion of µ or τ
flavours and therefore only neutral current processes contribute
to the scattering of both neutrinos and anti-neutrinos.
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3. Effects on the electron flavour population
As mentioned before, in the case of the mixing with νµ, development of the chemical potential of the muon lepton
number would lead to the asymmetry in charged muons. This is turn will affect electrons and electron neutrinos via
the charge neutrality condition Yp = Ye + Yµ, changing the asymmetry of electrons. Connection between charged
leptons and correspondent neutrinos is expressed with beta-equilibrium relations:
µµ − µνµ = µn − µp = µˆ (C.9)
µe − µνe = µn − µp = µˆ (C.10)
Charge neutrality and beta-equilibrium allows us to connect all these parameters of the supernovae medium. As
a consequence of the increase of the muon neutrino chemical potential, we will have decreased values of electron’s
density and density of νe. This effect, however, affects the overall results only marginally, as the comparison between
the mixings with νµ and ντ shows, see Figs. 6.
Appendix D: Lepton asymmetry evolution
We start from radial diffusion equation for distribution function with a source
∂fx(r, E, t)
∂t
= 1
r2
∂
∂r
(
r2D(r, E)∂fx(r, E, t)
∂r
)
+ Ix(r, E, t) (D.1)
where fx - distribution function of νx (ν¯x), D(E, r) – diffusion coefficient, Ix(r, E, t) – source. By taking Eq. (D.1)
for neutrinos and anti-neutrinos, integrating their difference over momentum, and dividing by Nb we find:
∂Yx(r, t)
∂t
= 1
Nb(r)
1
r2
∫
∂
∂r
(
r2D(r, E) ∂
∂r
(fx(E, r, t)− f¯x(E, r, t))
)
d3p+ Sx(r, t) (D.2)
here Sx(r, t) is the integrated source of asymmetry
Sx(r, t) =
pi
Nb(r)
E2res(r, t) ¯foutx (Eres(r), r, t)Px→s(Eres(r), r, t)
dEres
dr
(r, t) (D.3)
Combining these results together, we arrive to the final equation describing the evolution of lepton number, Eq. (9).
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